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ABSTRACT: Apparatus for machining 2 workpiece by elec-
tromagnetic energy, preferably laser energy. The apparatus in-
cludes a dielectric through which a laser is directed toward the
workpiece. At a critical power and wavelength, the dielectric
functions as an optical waveguide preventing beam diver-
gence. The apparatus further includes an optical element and
position control means for the optical element.
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LASER MACHINING APPARATUS

The invention described hercin relates to a cutting device
and is a division of copending patent application entitled *‘Op-
tical Freguency Waveguide and Transmission System,” Ser.
No. 494,739, now U.S. Pat. No. 3,556,634, issued Jan. 19,
1971.

A beam of electromagnetic radiation when launched and
directed through any material necessarily diffracts. Beam
spreading, which results from diffraction, between source and
receiver limits achievable power density appearing at the
receiver and prevents very small beam transmission even over
short distances. The subject therefor of the present invention
is diffractionless transmission of electromagnetic radiation by
forming a dielectric waveguide between scurce and receiver.
Diffractionless transmission finds application in power trans-
mission, communication, bloodless surgery, machinery, and
many other fields of endeavor.

Trangmitting large quantities of electric power requires
rather substantial transmission systems. Low frequency trans-
mission necessarily involves operating at elevated voltages
which produce losses due to corona. Direct current transmis-
sion of power also involves losses due to resistance heating.
Power transmission can be accomplished at optical frequen-
cies with minimal losses and is the subject of the present in-
vention.

Optical frequency energy cannot be transmitted through the
atmesphere for two cbvious reasons. First, the possibility ex-
ists that someone or something such as an aircraft could inter-
cept the beam. Such an interceptor would be seriously injured
or even destroyed. Second, atmospheric aberrations, due to
changing weather conditions and the like, could cause the
beam of optécaﬁ frequency energy to be diffracted such that
the energy would be directed to some unwanted target causing
damage and mtem.p’img power transmissions. In either event,
it would be unsafe to transmit optical energy through the at-
mosphere. An immediate suggestion would then be to confine

the beam of energy within a pipe or other safe medium, such
as a2 fibre omzcal or light pipe.

Light pipes could not be used for the transmission of iarge
quantities of energy because the material from wi wm the pip:
is made is lossy ¥ and would seﬁousﬁy attenuate the beam and
might even melt. Furthermore, it would be nearly impossible
to makp
" Q.!'

Lnawﬂess (flaws cause reflection or absorb er &g,«,
produces local heating that may melt the pipe)
.a\yhf p p@ of fcmy :’mmecmme fength, such as 20 feet, | fet alone
several miles. If such a pipe could be fabricated, it would soon
develop fatal defects of crazing or cracking and such material
does not lend itself to spiicing in the field. At the junction of
two sections reflections would result. The present inven wom
on the other hand, provides a safe medium sport larg
quantities of optical ‘*’r@qu&‘"q pOWET Wi @E“ negligible ?:\s«z
Furthermore, with the transmission vehicle being a gas, such a
systerm lends n&se to easy repair and in many instances is self-
repairing, (Le. if the gas overheats or fonizes within the beam,
e quickly replaced by the remaining gas in the system).
For the same reasons enumerated above, communication
limks wtilizing optical frequencies must also be conducted over
a medium which the present invention provides. Additionally,
the present inventiom permits several such communication
links to be conducted over a single structure; for that matter, a
power link and several communication links mayv be con-
ducted over a single structure.

Drawing 2 comparison between the present invention and
comparable microwave waveguides, it is apparent that sub-

wﬁ@ savings can be realized with the present invention, for
the elaborate fmchmmg, polishing, and even plating necessary
in microwave components is obviated.

In applications where lasers have been emmi@ye& such as
surgery and fine machining, to cut with a powerful beam, the
laser was located very close to the target area to avoid diffrac-
tion. With the present invention, the laser can be placed quite
remote from the target area yet will permit higher power den—
sities and smaller beam width. This latter feature will
greater freedom of movement in the work area and
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permit a single laser to power several
time.

Therefore, an object of this invention is ¢
tical frequency waveguide.

Another object of the present invention is to provide an op-
tical frequency power transmission system,

Another object of this invention is o provi
nel optical frequency waveguide structure

Another object of this invention is to provide a low loss opti-
cal frequency waveguide.

Another object of this invention is to provi
destructible transmission medium for optical en
Another object of the present invention is ¢
tical frequency power transmission system. ﬁ
the present invention is to provide an optic

distribution system.

Another object of this invention is to provide
capable of handling very high quantities of opti

Ancther object of this invention is to
frequency waveguude that effectively elim
tion of unwanted low frequency signals.

Another object of the present invention is 10 1
bination power and communication transmis ;

Ancther object of the present invention is to provide an op-
tical frequency bloodless surgical cutting and cell- -destroying
system.

Another object of the present invention is to
tical frequency machining, drilling, and cuttin

Other objects and features of the present i
better understood from the fﬂhmwmg spec
in conmection with the attached drawi
shows an optical waveguide power transn
shows an opﬁkak frequency multichannel ir
FIG. 3 shows a light beam of diamete
gles of dispersion. FIG. 4 shows diff
L"tee bou;mam betwaen wa‘ic*ws of

work

pro

vide an op-

ﬂerefmm‘ HG, 6is a mbze Gf cmﬁca.z pé
tors computed for various materials. FIG.
surgical cutting device.

Aw elect *@’namemc beam of omca

med‘um wi}Q produce 4‘?% own d*eiectric W
propagate t“amuch said diclectric without s
occur in materials in which the dielect
w%*h field inte szay bm wmﬁh are ComIng

?exemng o *EG 56 T
beamn 86, b ois dwea a,@ through a sl
which can be solid, liguid, or gaseous, as w
more fully as we proceed. The material wi
the beam undergoes certain ¢ ha.nges due to
by the laser beam. The material has a uni
stant 7,84, in absence 0 an electric fi @)d Howe
confines of the beam, the dielectric constar
value larger than g due to the electric field. T
tively a tube of material with a higher d
dewiop within the original material corre
shape and diameter) to that of the elec
E{avs of energy 89 within the beam wil
tube at the point of transition in the materi
dielectric comstant to that area having ¢
constant and is refracted such that all of ¢
beam is constantly reflected from the sides ¢
by the beam. Therefore, this tube forms a w
directs the energy within the beam an
Summarily speaking, electromagnetic
(**‘

W

ielectric constant of the mat
material to form a waveguide
tm*ﬂa«mem energy.
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L. Starting this development we have Snell's Law,

).

In FIG. 4 we see a ray of light 75 passing through one medi-
urn having a dielectric constant of n, 72 through 2 junction 78
with another material having a dxelecmc constant n, 78 and
beam is refracted. Angle of incidence ¢; 74 and angle of
n &, 73 results. Equation (1) summarizes this relation-
n the angle of refraction 73 becomes 90°, as shown
the ray is totally reflected within the beam. When
8, ““%" then sin 8,51, and by substitution we have:

71, 510 87=n, sin 8,

n; sin 8z=n,

be simplified by dividing both sides of the
1 we have:

(3)

. Pp
sin §i=—
T

i

21 equation to our system of self-generating
have, n/=n,, the index of refraction of the en-

material. Furthermore, we know the
waveguide will have an index of refraction
an n,, which we will find to be ngtn, E?,
: F%. The index of refraction is affected by
id illuminating it and a factor, n,, which we
largely due to electrostriction. We will have
equation by substituting the above values in

wavegt

fire

. o
8l g = ———r 4
o ngFngE? (4)
Referring to FIG. 3, we have a beam of electromagnetic
energy @ﬂarﬂs‘:ﬁz D'52 shining upon a plane 53 having an

2 beam of diameter D 55 emerges therefrom.
beam has an angle of divergence « which is
g amg!e of divergence « appears in any elec-
= i air, but FIG. 3 serves to illustrate this
fa ray 56 is parallel to a line 68 which forms
ence 59 with the beam 54, it will form an
74 with the normal and an angle ¥ critical
=ment. For the purposes of our develop-

a;pcmw éaﬁ dﬂ

”{n

1¢ from the examination of FIG. 3 that the
neter D 88 has an angle of defraction a. If
2y 56 within the beam such that it will have
which is greater than «, then the angle of
will be such that ray §6 will be reflected back
w' hin beam 54.

8; being complementary angles then:

(6)
that cos ¥, = sin §; by substitution:

(D

COS & = CO8S ¥,

Hnowing also

cos a > sin §;
By expansion we have:

(8)

02 .
cos a==1 MT;—i—some insignificant terms
2

is 15 the result of our assumption that « is much less than 1.
substituting equations (9), (8), and (4), we have:

o W;;

¥ T 9
1 2 >710 +7’L2E2 ( )
We not er the following equation obtains:
ng
UL e Nz
Mg + ?’LQEZ ~1 ( 10)
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if nyF2<ng. Also:
Mg, 1
1 5 >1 P B (11)
can be reduced down and the signs reversed such that:
Yok >— (12)
7y
Rearranging terms again, we have:
>’no o (13)

The E in equation (13) now represents the critical field which
will result in self-trapping of rays that make up the finite beam
which we wish to contain within its own waveguide.

Proceeding a step further, we must now have a power cor-
responding to this critical field. Such a critical power would be
equal to the product of the beam area times the Poynting vec-
tor of the field times the speed of light. The area is represented
by +D?/4 and the Poynting vector of the field is then the field
E¥8x7. C in this equation represents the flow of power and
the area presupposes that we have a uniform distribution of
power which is approximately correct and satisfactory for
this expression. We therefore have:

(14)

The critical power by substituting E of equation (13) reduces
to:

_ DPnge moe? (15}
e 32 n.2

Substituting in equation (15)

in which: A is the wavelength, n, is the dielectric constant of
the material, and D is the diameter of the beam, we further

reduce:
(1.22%)2
?ZGD

C -
2

Dzno?‘o.
64n,

o (16)

to that of:

_ c an
Pom=(L.220)? 7

Equation (17) is an approximation which conforms very
closely to more precise machine calculation. Indications are
that a beam above a certain critical power, P, will be trapped
at a preselected diameter and not spread. This power level
decreases with the square of the wavelength. For normal
dielectric materials, the constant n, is such that the critical
power for trapping is within one or two orders of magnitude at
10¢ for visible light, a power level commonly obtained in laser
beams. For radio waves the longer wavelength makes the criti-
cal power for such materials unattainable at present.

The nonlinear coefficient n, is associated with high frequen-
cy Kerr effects involving molecular orientation with electros-
triction, and with nonlinearities due to electronic polarizabili-
ty of the type which generates third harmonic waves in optical
materials. For liquids, the first two effects are of comparable
size and the third much smaller, as is indicated in the table of
FIG. 6. For solids, such molecular rotation is frozen out and
electrostrictive effects dominate.

The beam when once trapped establishes a waveguide of ap-
propriate characteristics for its own conduction, any weak
wave of higher frequency can also easily be shown to be con-
ducted but not one of lower frequency. The dielectric proper-
ties of the waveguide are undisturbed to first order in the weak
fields as long as the beat frequency between it and the initial
wave is too high for the dielectric to respond. If the beat
frequency is lower, then one has a waveguide of modulated
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dielectric constant and solutions for the two simultaneous
waves are very complicated. This latter feature illustrates that
a waveguide can be established by a very strong continuous
beam and that comparatively weak signals of a higher frequen-
cy are conducted through that waveguide. Consequently, a
waveguide can be generated by one transmitter, while a
second smaller transmitter is utilized for modulation and
transmission of intelligence over that waveguide.

Two waves whose frequency differences are too high for the
dielectric response are more stably trapped than is a wave of a
single frequency. This resuits from the increase in dielectric
constants of the waveguide produced by one wave which helps
form the waveguide and is relatively unaffected by small per-
turbations of the second wave and vice versa.

The table of FIG. 6 gives values for n, for Kerr and for elec-
trostrictive effects, and a critical power calculated for elec-
trostrictive effects alone. For Kerr effects, n,=2/3x J where J
is the high frequency Kerr constant due to molecular rotation.
For electrostriction,

16 8 where >\—~~g§-
p is the density, B is the bulk modulus, and G is conductance.

Referring to FIG. 1, we see a laser beam trapped within a
medium contained with a pipe 11. The laser 12 transmits ener-
gy to receivers 13 and 14, thus illustrating a power distribution
system. Some beam energy is tapped off by beam splitter 15.
The beam 21 breaks up into components 25 and 23. The first
component of the beam travels to receiver 13, while the
second travels to receiver 14. It must be noted again, however,
that the energy of the beam 25, if it must continue any
distance, must remain above the critical power, P,, as outlined
in the equations, to continue to have its ability for self-
trapping and thereby form its own waveguide.

Ordinarily power levels will be far above critical power
levels and the following techniques will be rendered unneces-
sary. However, communications systems where power levels
may be slightly above critical power may require some cor-
rection. The gas pressure can be increased to reinstate self-
trapping, which will be amplified further in subsequent para-
graphs. Increasing the gas pressure on the other side of parti-
tion 26 will permit beam 25 to continue without spreading.

Referring to FIG. 2, we see a communications system utiliz-
ing a single structure or effectively a system of dielectric
waveguides. Lasers 35, 39, and 36 transmit through a pipe 31
to receivers 37, 43, and 38. We note that laser 35 forms a
beam 41 which produces its own waveguide and continues
through to receiver 37. Laser 39 is inactive and produces no
beam and no resulting waveguide. Laser 36 produces beam 42
which effectively creates its own waveguide and continues to
receiver 38. The particular advantage here is that hazardous
conditions of transmitting high powered laser signals are
avoided by means of pipe 31. Furthermore, individual laser
beams are not dispersed and do not intermodulate with one
another, even though they travel a substantial distance. Obvi-
ously, a substantial number of independent channels can be
sent over a Conumon structure.

The structure of both embodiments above is preferably a
gas-filled steel pipe. The requisite power is very sensitive to
pressure, as can be seen from an examination of the table of
FIG. 6. Here we see that power required for self-trapping in air
at 1 atmosphere pressure is 100 times greater than that
required for self-trapping in air at a pressure of 100 at-
mospheres. It is suggested that carbon dioxide (CO,) because
it has a more favorable index of refraction be used under a
pressure of 100 atmospheres. However, the pressure of the gas
is a function of beam power. When the beam power is high the
pressure should be low, and vice versa. In a distribution
system, the main trunkline should have a gas pressure as low
as 1 atmosphere and the branch lines should have a gas pres-
sure as high as 100 atmospheres. The lower the gas pressure,
the lower the power absorption is. The absorption of power of
a gas, even at its higher pressure, is negligible when compared
to that of a solid or even a liquid.
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Pulsed ruby lasers readily produce the power required for
transmission; but this power is pu Ised and average power
transmission is consequently very low. An array of gallium ar-
senide lasers together with a proper fibre-optics system for
gathering the power from each beam and ultimately necking
the beam down until a very intense continuous light beam is
produced. The receiver for the p@\wr system can be any
photovoltaic substance such as lead sulfide; but again ¢
of gallium arsenide diodes which have a higher quantum effi-
ciency and would therefore be more desm,a%&%e, Use of Jasers
is not essential, for the coherence and polarization are not
necessary 1o effective operation. White light if it had adequate
total power could also be used effectively and can be obtained
from a power flash tube or equivalent device.

Referring to FIG. 7, laser 91 directs optical frequency ener-
gy through window 107 into pressuretight container 92. Lens
105 is in the path of said laser beam and is installed in movable
lens holder 106 pivoted about pedestal 89, attached to con-
tainer 92. Lens holder 106 can be turned by handle 103, or
can be rotated about pedestal 92, thus being able to cause
beam 96 to traverse the entire target 95. Bellows 102 main-
tains container 92 pressuretight while lens holder 106 is raised
up and down. Gas, such as carbon dioxide, fills chamber 92 at
a pressure of 100 atmospheres by way of inlet 93

Lens 186 concentrates the optical frequency beam emanat-
ing from laser 91 to a focal point midway between lens 106
and target 95. Intense beam 96 of self-irapped optical
ffequency radiation is thereby formed. Target 95 can be a pa-
tient’s body ready to be incised, beam 96 acting as 2 surgi
knife.

The above system can be readily adapted o n
Micrometer control of the lens system would have o be in-
troduces. It should be noted here that power density of the
beam and critical power for self-trapping are distinct from one
another. Examining equation (17), critical power can be
preselected relative to wavelength, beam diameter and so
forth, such that a sufficiently high power density for the pur-
pose of cutting is obtained. In other cases such as power trans-
mission, power density should be kept low in ordes
minimize heating.

While we have described the above principl
tion in connection with specific appamms,
understood that this description is only made ?:w W
ple and not as a limitation on the scope of our

We claim:

1. An apparatus for machining 2 workpiece by directing a
beam of energy thereto, the apparatus comprising:

a structure having a first side disposed at said workpiece and

a second side opposite said first side, said structure being
filled with a material with a preselected dielectric con-
stant;

a source of electromagnetic energy of a critical power,

definable as P,, and of a frequency with a wavelength
definable as A , for directing the energy into said structure
through said second side; and

positionable means disposed in said structure in the ;“:m‘fh of

said energy for converging said energy at a focal point in
said structure remote from said first side, the dielectric
constant of said material in said structure being a function
of P, and A, whereby the energy focus said focal
point is trapped in 2 beam of a fixed diamster which ex-
tends from said focal point to said workpiece at said first
side of said structure.

2. The arrangement as recited in claim 1 wherein said
source of electromagnetic energy is 2 laser, P, is not less than
(1.2207 ¢/64n,, ¢ is the speed of light and n; is in the order of
X10°, wherein X is not greater than 2.

3. The arrangement as recited in claim 1 wherein said posi-
tionable means include an optical element for focusing said
electromagnetic energy, and optical element support means
including control means extending to the exterior of said
structure for controlling the position of said optical element in
said structure.
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4 The arrangement as recited in claim 3 wherein said
source of electromagnetic energy is a laser, Pcis not less
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than (1.220)? ¢/64n,, wherein c is the speed of light and 1 is
in the order of X108, wherein X is not greater than 2.





